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POWER MANAGEMENT CIRCUIT AND A
METHOD FOR OPERATING A POWER
MANAGEMENT CIRCUIT

Embodiments of the mvention relate generally to elec-
tronic hardware and methods for operating electronic hard-
ware, and, more particularly, to power management circuits
and methods for operating power management circuits.

Some electronic devices are powered by multiple power
sources. For example, a radio frequency identification
(RFID) device may be powered wirelessly by an RF elec-
tromagnetic field and by a local power source such as a
battery. Power management circuits are used to manage
clectronic devices that support multiple power sources. For
example, a power management circuit 1s used to control
power supplied to an electronic device based on the avail-
ability of power sources and to handle the transition between
the power sources.

Conventional power management circuits for devices that
support multiple power sources sufler from various draw-
backs. For example, a conventional power management
circuit typically cannot ensure a smooth transition of power
from one power source to another power source without
interrupting the power supplied to an onboard integrated
circuit (IC) device. In addition, a conventional power man-
agement circuit can cause cross conduction between difler-
ent power sources. Consequently, a conventional IC device
that supports multiple power sources can have startup 1ssues,
which may cause a failure of the I1C device. Therefore, there
1s a need for a power management circuit for multiple power
sources that allows a smooth transition between different
power sources and reduces cross conduction between the
different power sources.

A power management circuit and a method for operating
a power management circuit are described. In one embodi-
ment, a power management circuit includes power switching,
modules. Power 1s supplied to each of the power switching,
modules by at least one of multiple power sources. Each of
the power switching modules includes a latch circuit con-
figured to have a definite state at power-up of a correspond-
ing power source and a logic circuit configured to control
power supplied from the corresponding power source in
response to the definite state of the latch circuit, where the
logic circuit includes a cross-coupled circuit. The latch
circuit differs from a conventional latch at power-up 1n the
sense that the power supply terminal 1tself acts as the input
to the latch circuit and enables the latch circuit to be
configured 1n a defined output state. Using a latch circuit
having a definite state at the power-up of power source and
a logic circuit with a cross-coupled circuit, the power
management circuit 1s able to smoothly transition between
different power sources and reduce cross conduction
between the different power sources. Other embodiments are
also described.

In an embodiment, a power management circuit includes
power switching modules. Power 1s supplied to each of the
power switching modules by at least one of multiple power
sources. Hach of the power switching modules i1ncludes a
latch circuit configured to have a definite state at power-up
of a corresponding power source and a logic circuit config-
ured to control power supplied from the corresponding
power source 1n response to the definite state of the latch
circuit, where the logic circuit includes a cross-coupled
circuit.

In an embodiment, a power management circuit mncludes
a first power switching module and a second power switch-
ing module. Power 1s supplied to the first power switching
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module by a wireless power source. Power 1s supplied to the
second power switching module by a battery power source.
Each of the first and second power switching modules
includes a back-to-back inverter latch circuit configured to
have a definite state at power-up of a corresponding power
source and a logic circuit configured to control power
supplied from the corresponding power source 1n response
to the definite state of the back-to-back inverter latch circuait.
The logic circuit includes a cross-coupled circuit and a
switch circuit connected to the corresponding power source.

In an embodiment, a method for operating a power
management circuit involves providing power switching
modules, where power 1s supplied to each of the power
switching modules by at least one of multiple power sources,
operating a latch circuit of each of the power switching
modules to have a definite state at power-up of a corre-
sponding power source, preventing cross conduction
between the power sources using a logic circuit of each of
the power switching modules, and connecting one of the
power sources to an output of the power management circuit
based on the defimite states of the latch circuits.

Other aspects and advantages of embodiments of the
present mvention will become apparent from the following
detailed description, taken 1n conjunction with the accom-
panying drawings, depicted by way of example of the
principles of the invention.

FIG. 1 1s a schematic block diagram of an IC device 1n
accordance with an embodiment of the invention.

FIG. 2 depicts an embodiment of the power management
circuit depicted 1n FIG. 1 that 1s used with a wireless power
source and a battery power source.

FIG. 3A depicts an embodiment of one of the latch
circuits depicted in FIG. 2.

FIG. 3B depicts a switching point threshold diagram of
the latch circuit depicted 1n FIG. 3A.

FIG. 4 depicts a signal diagram of the power management
circuit depicted 1n FIG. 2 1n a power-up sequence where the
wireless power source 1s present and the battery power
source 15 absent.

FIG. § depicts a signal diagram of the power management
circuit depicted 1in FIG. 2 1n a power-up sequence where the
battery power source 1s present and the wireless power
source 15 absent.

FIG. 6 depicts a signal diagram of the power management
circuit depicted 1n FIG. 2 1n a power-up sequence where the
wireless power source 1s present first and the battery power
source 15 present later.

FIG. 7 depicts a signal diagram of the power management
circuit depicted 1n FIG. 2 1n a power-up sequence where the
battery power source 1s present first and the wireless power
source 1s present later.

FIG. 8 depicts a signal diagram of the power management
circuit depicted 1n FIG. 2 1n a power-up sequence where the
battery power source and the wireless power source are
present simultaneously.

FIG. 9 depicts another embodiment of the power man-
agement circuit depicted i FIG. 1 that 1s used with a
wireless power source and a battery power source.

FIG. 10 1s a process flow diagram of a method for
operating a power management circuit in accordance with an
embodiment of the invention.

Throughout the description, similar reference numbers
may be used to 1dentity similar elements.

It will be readily understood that the components of the
embodiments as generally described herein and illustrated 1n
the appended figures could be arranged and designed in a
wide variety of different configurations. Thus, the following
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detailed description of various embodiments, as represented
in the figures, 1s not intended to limit the scope of the present
disclosure, but 1s merely representative of various embodi-
ments. While the various aspects of the embodiments are
presented in drawings, the drawings are not necessarily
drawn to scale unless specifically indicated.

The described embodiments are to be considered 1n all
respects only as illustrative and not restrictive. The scope of
the invention 1s, therefore, indicated by the appended claims
rather than by this detailed description. All changes which
come within the meaning and range of equivalency of the
claims are to be embraced within their scope.

Reference throughout this specification to features,
advantages, or similar language does not imply that all of the
features and advantages that may be realized with the
present invention should be or are 1n any single embodiment.
Rather, language referring to the features and advantages 1s
understood to mean that a specific feature, advantage, or
characteristic described 1n connection with an embodiment
1s included 1n at least one embodiment. Thus, discussions of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described {features, advantages, and
characteristics of the mmvention may be combined in any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize, 1n light of the description
herein, that the invention can be practiced without one or
more of the specific features or advantages of a particular
embodiment. In other instances, additional features and
advantages may be recognized 1n certain embodiments that
may not be present 1 all embodiments of the mvention.

Reference throughout this specification to “one embodi-
ment,” “an embodiment,” or similar language means that a
particular feature, structure, or characteristic described in
connection with the indicated embodiment 1s 1ncluded in at
least one embodiment. Thus, the phrases “in one embodi-
ment,” “in an embodiment,” and similar language through-
out this specification may, but do not necessarily, all refer to
the same embodiment.

FIG. 1 1s a schematic block diagram of an IC device 100
in accordance with an embodiment of the invention. The IC
device can be used 1n various applications, such as commu-
nications applications, industrial applications, medical
applications, computer applications, automotive applica-
tions, and/or consumer or appliance applications. The IC
device can be implemented 1n a substrate, such as a semi-
conductor waler or a printed circuit board (PCB). In an
embodiment, the IC device 1s packaged as a semiconductor
IC chip. In some embodiments, the IC device 1s included 1n
a computing device, such as a smartphone, a tablet com-
puter, a laptop, etc. The IC device may be an RFID device
that 1s powered wirelessly by RF electromagnetic signals
and by a local power source such as a battery. For example,
the IC device may be included 1n a Near Field Communi-
cations (NFC) capable computing device.

In the embodiment depicted 1n FIG. 1, the IC device 100
includes power sources/supplies 102-1, . . ., 102-N, where
N 1s an integer that 1s larger than 1, and a power management
circuit 104. The power sources 102-1, .. ., 102-N of the IC
device may include any type of power supplies. In some
embodiments, the power sources include at least one con-
tactless power source. For example, the power management
circuit may include an inducer that can be charged wirelessly
by electromagnetic signals. In some embodiments, the
power sources include at least one battery power source. For
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4

example, the power sources may include a lithium battery
and/or any other type of battery.

The power management circuit 104 1s configured to
manage the power sources 102-1, . . . , 102-N. In an
embodiment, the power management circuit 1s configured to
control power supplied to the IC device based on the
availability of the power sources and to handle the transition
between the power sources based on predefined precedence.
In the embodiment depicted in FIG. 1, the power manage-
ment circuit includes a number of power switching modules
106-1, . . ., 106-N. Each of the power switching modules 1s
supplied by a corresponding one of the power sources. Each
of the power switching modules includes a latch circuit
108-1, . . ., or 108-N configured to have a definite state at
power-up ol a corresponding power source and a logic
circuit 110-1, . . ., or 110-N configured to control power
supplied from the corresponding power source 1n response
to the definite state of the latch circuit. In an embodiment,
the logic circuit 1s configured to connect the corresponding
power source to an output terminal 112 of the power
management circuit or to disconnect the corresponding
power source from the output terminal of the power man-
agement circuit based on the state of the latch circuit. Using
the latch circuit having a definite state at the power-up of
power source and the logic circuit with the cross-coupled
circuit, the power management circuit allows for smooth
transition between different power sources and reduces cross
conduction between different power sources.

Although the IC device 100 1s depicted and described
with certain components and functionality, other embodi-
ments of the IC device may include fewer or more compo-
nents to implement less or more functionality. For example,
the IC device may include one or more power interfaces
between the power sources and the power management
circuit. In some embodiment, one or more power sources 1s
not part of (e.g., external to) the IC device. In an embodi-
ment, the IC device includes a local power source (e.g., a
battery power source) and the power management circuit
104. In this embodiment, a remote power source (e.g., a
contactless/wireless power source) 1s not included 1n the IC
device.

In some embodiments, the power management circuit 104
1s used with a wireless power source and a battery power
source. FIGS. 2 and 9 depict two embodiments of the power
management circuit depicted 1in FIG. 1 that are used with a
wireless RF electromagnetic power source and a battery
power source.

FIG. 2 depicts a first embodiment of the power manage-
ment circuit 104 depicted in FIG. 1 that 1s used with a
wireless RF electromagnetic power source 202-1 and a
battery power source 202-2. In the embodiment depicted in
FIG. 2, a power management circuit 204 includes two power
switching modules 206-1, 206-2. The power switching mod-
ule 206-1 1s supplied by the wireless power source with a
voltage, “V,-.” In some embodiments, the power manage-
ment circuit includes an inducer that can be charged wire-
lessly by electromagnetic signals from the wireless power
source. The power switching module 206-2 1s supplied by
the battery power source with a voltage, “V ...

The power switching module 206-1 includes a latch
circuit, “LL1,” configured to have a definite state at power-up
of the wireless power source 202-1 and a logic circuit 210-1
configured to prevent cross conduction between the wireless
power source and the battery power source 202-2 and to
connect/disconnect the wireless power source to/from an
output terminal 212 of the power management circuit 204.
In the embodiment depicted in FIG. 2, the latch circuit,




US 9,647,456 B2

S

“L1,” 1s a back to back inverter latch circuit that includes
two 1nverters, “INVL11,” “INVL12,” which are connected
back to back. The back to back inverter latch circuit has a
dynamic switching point threshold that scales well with the
voltage level, “V,.,~ of the wireless power source and
allows the back to back inverter to have a defined state at
power-up of the wireless power source with a good noise
margin. In some embodiments, the latch circuit 1s overridden
by a driver circuit (e.g., an AND gate, “A1”) to flip the state
based on a power-up preference setting to override the logic
when multiple power sources are available. The driver
circuit may be applied only to the power switching module
that does not have the precedence. In the embodiment
depicted 1n FIG. 2, the Vri does not have the precedence.
The logic circuit includes a cross-coupled circuit 211-1,
which includes four transistors, “M1,” “M2,” “M3,” “M4.,”
a power switch that 1s implemented as a p-channel metal-
oxide-semiconductor field effect transistor (PMOS) transis-
tor, “M13,” AND gates, “Al,” “A2,” a buller circuit, “B1,”
transistors, “M9,” “M10.,” and a resistor, “R1.” A node,
“N1,” between the PMOS transistor, “M1,” and the NMOS
transistor, “M2,” 1s connected to a terminal 214 (e.g., a drain
terminal or a source terminal) of the PMOS transistor, “M3.”
A node, “N2.” between the PMOS transistor, “M3.” and the
NMOS transistor, “M4,” 1s connected to a terminal 216 (e.g.,
a drain terminal or a source terminal) of the NMOS tran-
sistor, “M2.” Gate terminals 218, 220 of the PMOS transis-
tor, “M1,” and the NMOS transistor, “M2.,” are connected to
a terminal, “a,” of the latch circuit, “L1.” Gate terminals
222, 224 of the PMOS transistor, “M3.” and the NMOS
transistor, “M4,” are connected to a terminal, “d,” of a latch
circuit, “L2,” of the power switching module 206-2. The
cross-coupled circuit 211-1 allows a break before a make
operation to 1nhibit or prevent a current path between the RF
electromagnetic voltage, “V,,,” and the battery voltage,
“Veoo In an embodiment, the cross-coupled circuit 211-1
ensures that the switch, “M14.” 1s switched off betfore the
switch, “M13,” 1s turned ON.

The power switching module 206-2 includes the latch
circuit, “L2,” configured to have a definite state at power-up
of the battery power source and a logic circuit 210-2
configured to prevent cross conduction between the wireless
power source 202-1 and the battery power source 202-2 and
to connect/disconnect the battery power source to/from the
output terminal 212 of the power management circuit 204.
In the embodiment depicted in FIG. 2, the latch circuat,
“L2,” 1s a back to back inverter latch circuit that includes
two 1nverters, “INVL21,” “INVL22.” which are connected
back to back. The back to back inverter latch circuit has a
dynamic switching point threshold that scales well with the
voltage level of the battery power source and allows the back
to back inverter to have a defined state at power-up of the
battery power source with a good noise margin. In some
embodiments, the latch circuit 1s overridden by a dniver
circuit to tlip the state based on a power-up preference
setting. The logic circuit includes a cross-coupled circuit
211-2, which includes four transistors, “MS5,” “M6,” “M7.”
“M8,” a power switch that 1s implemented as a PMOS
transistor, “M14,” and transistors, “M11,” “M12.” A node,
“N3.” between the PMOS transistor, “MS5,” and the NMOS
transistor, “M#6,” 1s connected to a terminal 226 (e.g., a drain
terminal or a source terminal) of the PMOS transistor, “M7.”
A node, “N4.” between the PMOS transistor, “M7.” and the
NMOS transistor, “M8,” 1s connected to a terminal 228 (e.g.,
a drain terminal or a source terminal) of the NMOS tran-
sistor, “M6.” Gate terminals 230, 232 of the PMOS transis-
tor, “MS5,” and the NMOS transistor, “M6.” are connected to
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a terminal, “c,” of the latch circuit, “L.2.” Gate terminals
234, 236 of the PMOS transistor, “M7,” and the NMOS
transistor, “M8,” are connected to a terminal, “b.,” of the
latch circuit, “L1,” of the power switching module 206-1.
The cross-coupled circuit 211-2 allows a break before a
make operation to mhibit or prevent a current path between
the battery voltage, “V ..,” and the RF electromagnetic
voltage, “V .-~ In an embodiment, the cross-coupled circuit
211-2 ensures that the switch, “M13.,” 1s switched off before
the switch, “M14.” 1s turned ON.

In the embodiment depicted 1n FIG. 2, the latch circuits
“L1,” “L2” of the power management circuit 204 have a
definite state at power-up of the wireless power source 202-1
and the battery power source 202-2, respectively, which
allows the power management circuit to work with various
power-up sequences ol the power sources. In an embodi-

ment, the sizes of the inverters, “INVL11,” “INVL12.”
“INVL21,” “INVL22,” are chosen such that terminal/node,
“a,” terminal/node, “b,” 1s low and high, respectively, during
a power-up of the wireless power source, while terminal/
node, “c,” terminal/node, “d,” 1s low and high, respectively,
during a power-up of the battery power source. A driver
circuit, such as a tlip circuit, can override the state of the
latch circuaits.

FIG. 3A depicts an embodiment of the latch circuit, “LL17
or “L2,” depicted in FIG. 2. In the embodiment depicted 1n
FI1G. 3A, a latch circuit 308 includes two inverters 336, 338
that are connected back-to-back to form a latch configura-
tion. The top mverter 336 includes a PMOS transistor 340
and an NMOS ftransistor 342. The gate terminal 350 of the
PMOS transistor 340 1s connected to the drain terminal 352
of the NMOS ftransistor 342. The bottom inverter 338
includes a PMOS ftransistor 344 and an NMOS transistor
346. The gate terminal 354 of the PMOS transistor 344 is
connected to the drain terminal 356 of the NMOS transistor
346. In some embodiments, the sizes of the inverters are
chosen such that the PMOS transistor 1n one of the inverters
1s much stronger than the NMOS 1n the inverter while the
reverse 1s true for the other mverter. The DC characteristics
of such an arrangement allow the latch circuit 308 to go 1n
a defined state at power up. Specifically, the output of an
inverter with the stronger PMOS goes to a high state and the
output of the inverter with the stronger NMOS ftransistor
goes to a low state. FIG. 3B depicts a switching point
threshold diagram of the latch circuit depicted 1n FIG. 3A.
In one embodiment, the aspect ratio (P/N) of the top inverter
336 i1s larger than 4 and the aspect ratio (P/N) of the bottom
iverter 338 1s kept at 0.25. In this embodiment, the switch-
ing point of the top mverter 1s around 66% of the 1nstanta-
neous supply voltage level and the switching point of the
bottom 1nverter 1s kept at around 33% of the 1nstantaneous
supply voltage level. In one embodiment, the NMOS tran-
sistor 1s replaced by multiple NMOS transistors that are
cascaded.

In an example of an operation of the latch circuit 308,
outputs of both inverters 336, 338 are at a low state mitially.
As power starts ramping up, the PMOS transistors 340, 344
of both 1nverters are ON, which causes both inverter outputs
to follow the power supply ramp up. The top mverter 336
starts to pull its output stronger than the bottom inverter 338
at the same time the bottom inverter 338 starts pulling 1ts
output low stronger than the inverter 336. As the top inverter
336 starts pulling its output high, the PMOS transistor of the
bottom 1nverter 338 gets weaker and the NMOS transistor of
the bottom inverter 338 gets stronger. Similarly as the
bottom inverter 1s pulling its output low, the PMOS transis-
tor of the top inverter 1s driven strongly and the NMOS
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transistor of the top inverter gets weaker. Therelfore, both the
inverters aid each other to get to the same steady stable state.
By choosing the sizes of the inverters 336, 338, a stable state
of the latch circuit can be achieved. In an embodiment, the
s1zes of the mverters 336, 338 are chosen such that the top
inverter 336 pulls its output high above “the high switching
point threshold” of the bottom inverter 338, drniving its
output to high while the bottom inverter 338 pulls 1ts output
low below the “low switching point threshold” of the top
inverter 336, driving 1ts output to low. In thus embodiment,
a stable state 1n which the output of the bottom nverter 336
1s set to high can be achieved. Sizing the inverters 1n such
a manner can maintain the noise margin of the circuit. For
example, a dip or noise in the power supply due to switching
can be a common mode signal to the two inverters 336, 338
and the switching point threshold of the inverters scale down
with the power source, which provides good noise margin
and allows a reliable steady state output for the latch circuit
308.

Turning to FIG. 2, the power management circuit 204
depicted 1n FIG. 2 requires no particular power-up sequence
of the power sources 202-1, 202-2 to be followed. For
example, the power management circuit can work with a
power-up sequence where the RF power source is present
and the battery power source 1s absent, a power-up sequence
where the battery power source 1s present and the RF power
source 1s absent, a power-up sequence where the RF power
source 1s present first and the battery power source 1s present
later, a power-up sequence where the battery power source
1s present {irst and the RF power source 1s present later, and
a power-up sequence where the battery power source and the
RF power source are present simultancously. FIGS. 4-8
depict signal diagrams of the power management circuit
under 5 different power-up sequences.

FI1G. 4 depicts a signal diagram of the power management
circuit depicted 1n FIG. 2 1n a power-up sequence where the
RF power source 202-1 comes up and the battery power
source 202-2 1s absent. As shown 1in FIG. 4, the wireless
power source with a voltage, “V,,” 1s applied to the power
management circuit 204 while the battery power source with
a voltage, “V .-, 1s turned OFF. When the voltage, “V,.,”
of the wireless power source ramps up, the terminal/node,
“a,” of the latch circuit, “LL1,” 1s driven low and the
terminal/node, “b,” of the latch circuit, “LL1,” 1s driven high.
The other latch circuit, “L.2,” which 1s connected to the
voltage, “V .~,” drives both terminals/nodes, “c,” “d,” low
because the battery power source 1s absent. Because the
signal at the terminal, “a,” 1s low, the gate of the V . switch
(1.e., the transistor, “M14,”) 1s dniven to high, which
switches off the transistor, “M14.” The gate of the transistor,
“M9,” 1s driven high through the transistors, “M1,” “M3,”
which pulls down the gate of the V.. switch (1.e., the
transistor, “M13,”) and connects the wireless power source
to the output of the power management circuit. During the
power-up sequence, the power management circuit depicted
in FIG. 2 ensures that the switch, “M14,” 1s switched off
before the switch, “M13.,” 1s turned ON, which prevents
cross conduction between the power sources.

FIG. 5 depicts a signal diagram of the power management
circuit 204 depicted 1n FIG. 2 1n a power-up sequence where
the battery power source comes up and the RF power source
1s absent. As shown in FIG. 5, the battery power source
202-2 with a voltage, “V..,” 1s applied to the power
management circuit while the wireless power source with a
voltage, “V,,” 1s turned OFF. When the voltage, “Vcc,” of
the battery power source ramps up, the terminal, “c,” of the
latch circuait, “1.2.” 1s driven low and the terminal, “d,” of the
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latch circuit, “L2,” 1s driven high. The other latch circuat,
“L1,” which 1s connected to the wireless voltage, drives both
terminals, “a,” and “b,” low because the wireless power
source 1s absent. Because the terminal, “c,” of the latch
circuit, “L.2,” 1s low, the gate of the V.. switch (i.e., the
transistor, “M13,”) 1s driven to high, which switches off the
transistor, “M13.” The gate of the transistor, “M11,” 1s
driven high through the transistors, “M5” and “M7,” which
pulls down the gate of the V.. switch (1.e., the transistor,
“M14,”) and connects the battery power source to the output
of the power management circuit. During the power-up
sequence, the power management circuit depicted in FIG. 2
ensures that the transistor, “M13,” 1s switched ofl before the
transistor, “M14” 1s turned ON, which prevents cross con-
duction between the power sources.

FIG. 6 depicts a signal diagram of the power management
circuit 204 depicted 1n FIG. 2 1n a power-up sequence where
the RF power source 202-1 comes up {first and the battery
power source 202-2 comes up later. As shown 1n FIG. 6, the
wireless power source with a voltage, “V " 1s present first
and the battery power source with a voltage, “V ..,” 1s
present later. When the voltage V. of the wireless power
source ramps up, the terminal, “a,” of the latch circuit, “LL1,”
1s driven low and the terminal, “b.,” of the latch circuit, “L1.”
1s driven high. Because the battery power source 1s absent,
the terminals, “c,” and “d,” of the latch circuit, “L.2,” both
are driven low and the wireless power source 1s connected
to the output of the power management circuit. The terminal/
node, “e,” of the bufler circuit, “B1,” 1s also driven high after
a delay time of the bufler circuit, which switches ON the
NMOS transistor, “M10,” connected between the gate ter-
minal of the switch, “M13,” and ground.

When the battery power source 202-2 comes up, the
terminal, “c,” of the latch circuit, “L.2,” 1s driven low while
the terminal, “d,” of the latch circuit, “L2,” 1s driven high.
The V. switch (1.e., the transistor, “M14.,”) 1s turned ON
because the terminal, “c,” of the latch circuit, “L.2,” 1s driven
low. At the same time, because the terminal, “d.” of the latch
circuit, “L.2,” 1s driven high, it attempts to switch OFF the
transistor, “M13.” However, due to the parallel transistor,
“M10,” holding the gate of the transistor “M13” low, the
V. switch (1.e., the transistor, “M13.”) remains ON, caus-
ing no imterruption in the output source. The switching ON
of the V.. switch (i.e., the transistor, “M14,”) can be
delayed i1 required by using a RC circuit or a logic signal
derived from a voltage level detector to make sure that the
voltage, “V .., of battery power source 1s high enough
betfore connection to avoid current going from the RF power
source 202-1 to the battery power source 202-2 and dip 1n
output of the power management circuit 204.

Once the V - switch (i.e., the transistor, “M14,”) 1s turned
ON, the And gate (A1) output driven by 1nputs at terminals,
“x,” and “d,” goes high, which tlips the default state of the
latch, “L1,” connected to the wireless power source 202-1.
In this case, the terminal, “a,” of the latch circuit, “LL1,” 1s
driven high and the terminal, “b,” of the latch circuit, “LL1,”
1s driven low, which switches ofl the transistor, “M13.,” and
keeps the transistor, “M14.,” ON, connecting the battery
power source 202-2 to the output. During the transition from
the wireless power source 202-1 to the battery power source
202-2, there 1s a short circuit path between the battery power
source and ground through the transistors, “M3” and “M10.”
The short circuit path 1s a momentary phenomenon and the
path 1s disconnected as soon as the And gate (Al) tlips the
state of the latch circuit, “LL1,” and the terminal, “e,” of the
latch circuit, “LL1,” 1s driven low. To limit the current during
this transition, a high value resistor, “R1,” 1s used 1n the path
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between the power switching modules 206-1, 206-2 of the
power management circuit 204. In an embodiment, the
resistance of the resistor, “R1,” 1s chosen such that the RC
time constant to switch ON the switch, “M13,” falls within
a predefined threshold.

FIG. 7 depicts a signal diagram of the power management
circuit 204 depicted 1n FIG. 2 1n a power-up sequence where
the battery power source 202-2 comes up first and the RF
power source 202-1 comes up later. As shown in FIG. 7, the
battery power source with a voltage, “V ~,” 1s present first
and the wireless power source with a voltage, “V,.~ 1s
present later. When the voltage, “Vcce,” of the battery power
source ramps up, the terminal, *“c,” of the latch circuit, “L2,”
1s driven low and the terminal, “d.” of the latch circuait, “L.2.”
1s driven high, while the terminals, “a,” and *“b,” of the latch
circuit, “L.1,” both are driven low, which turns ON the
transistor, “M14.” Both the input terminals, “x,” and “d,” of
the And gate, “Al,” are driven high. However, because the
wireless power source 1s not present, the output of the And
gate, “Al,” 1s still low. When the wireless power source
comes up, the And gate, “Al,” output i1s driven high. The
high state at the output terminal, “a,” of the And gate, “Al,”
tflips the default state of the latch, “L.1,” to keep the V.
switch (1.e., the transistor, “M14,”) ON and the V. switch
(1.e., the transistor, “M13,”) remains 1 an OFF condition,
causing the required power source (in this case the battery)
to be connected to the output terminal 212 of the power
management circuit 204.

FIG. 8 depicts a signal diagram of the power management
circuit 204 depicted 1n FIG. 2 1n a power-up sequence where
the battery power source 202-2 and the RF power source
202-1 come up simultancously. As shown in FIG. 8, the
battery power source with a voltage, “V ..,” and the wireless
power source with a voltage, “V,,” are present at the same
time. When both the battery power source and the wireless
power source ramps up at the same time, the terminals, “a,”
and, “c,” of the latch circuits, “L.1,” “L.2.” are driven low, the
terminals, “b,” and “d,” of the latch circuits, “I.1,” “[L2.” are
driven high. Gates of both the switches, “M13,” and “M14,”
are driven high and the switches, “M13,” and “M14.” are
switched OFF. Once both the mput terminals, “x,” and *“d,”
of the And gate, “Al,” are driven high, the And gate, “Al.”
tlips the state of the latch, “L1,” which turns the gate of the
transistor, “M11,” high. The high state of the transistor,
“M11,” pulls down the gate of the transistor, “M14,” which
turns ON the transistor, “M14,” and connecting the battery
power source to the output of the power management circuit.
The V. switch (1.e., the transistor, “M13,”) remains OFF.
Although the signal at the terminal, “e,” goes up initially
after the terminal, “b,” of the latch circuit, “IL1,” 1s driven
high, the gate of the transistor, “M10,” 1s driven low because
the output source 1s still not ramped up and the output of And
gate, “A2,” remains low. As shown 1n the waveform, both
switches, “M13,” and “M14,” are OFF initially, and then the
battery power source 1s applied to the output of the power
management circuit 204, while the V.. switch (1.e., the
transistor, “M13.”) remains 1n switched OFF condition. In
one embodiment, the the power management circuit 204 1s
implemented 1n an electronic device that 1s connected to AC
power and the battery power source 202-2 1s a chargeable
battery that 1s charged by the mains voltage via a rectifier
and charger circuit.

FIG. 9 depicts a second embodiment of the power man-
agement circuit 104 depicted 1n FIG. 1 that 1s used with a
wireless power source 902-1 and a battery power source
902-2. The wireless power source 902-1 and the battery
power source 902-2 may be similar to or the same as the
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wireless power source 202-1 and the battery power source
202-2. The difference between the power management cir-
cuit 904 depicted in FIG. 9 and the power management
circuit 204 depicted 1n FIG. 2 1s that the power management
circuit 904 depicted in FIG. 9 does not include transistors,
“M2,” “M6.” In the embodiment depicted 1n FIG. 2, the

transistors, “M2,” “M6,” are retained for symmetry and
balance of load for the latch circuits, “L.1,” “L.2.” In the

embodiment depicted in FIG. 9, the power management
circuit 904 includes two power switching modules 906-1,
906-2. The power switching module 906-1 includes the latch
circuit, “L1,” configured to have a definite state at power-up
of the wireless power source and a logic circuit 910-1
configured to prevent cross conduction between the wireless
power source and the battery power source and to connect/
disconnect the wireless power source to/from an output
terminal 912 of the power management circuit 204. The

logic circuit 910-1 includes a cross-coupled circuit 911-1,
which includes three transistors, “M1,” “M3,” “M4.” a
power switch that 1s implemented as a PMOS transistor,
“M13,” AND gates, “Al,” “A2,” a bufler circuit, “B1,”
transistors, “M9.” “M10,” and a resistor, “R1.” A terminal
914 (e.g., a drain terminal or a source terminal) of the PMOS
transistor, “M1,” 1s connected to a terminal 916 (e.g., a drain
terminal or a source terminal) of the PMOS transistor, “M3.”
A gate terminal 918 of the PMOS transistor, “M1,” 1s
connected to a terminal, “a,” of the latch circuit, “L1.” Gate
terminals 920, 922 of the PMOS transistor, “M3,” and the
NMOS transistor, “M4,” are connected to the latch circuit,
“L2,” of the power switching module 906-2. The power
switching module 906-2 includes the latch circuit, “L.2,”
configured to have a definite state at power-up of the battery
power source and a logic circuit 910-2 configured to prevent
cross conduction between the wireless power source and the
battery power source and to connect/disconnect the battery
power source to/from the output terminal 912 of the power
management circuit 204. The logic circuit 910-2 includes a
cross-coupled circuit 911-2, which includes three transistors,
“MS,” “M7T,” “M8,” a power switch that 1s implemented as
a PMOS transistor, “M14,” and transistors, “M11,” “M12.”
A terminal 924 (e.g., a drain terminal or a source terminal)
of the PMOS transistor, “M5,” 1s connected to a terminal
926 (e.g., a drain terminal or a source terminal) of the PMOS
transistor, “M7.” A gate terminal 928 of the PMOS transis-
tor, “MS5,” 1s connected to a terminal, “c,” of the latch circuit,
“L2.” Gate termunals 930, 932 of the PMOS transistor,
“M7.” and the NMOS transistor, “M8.” are connected to the
terminal, “b,” of the latch circuit, “L1,” of the power
switching module 906-1. The operation of the power man-
agement circuit 904 may be similar to or the same as the
operation of the power management circuit 204.

FIG. 10 1s a process flow diagram of a method for
operating a power management circuit 1n accordance with an
embodiment of the mvention. The power management cir-
cuit may be similar to or the same as the power management
circuit 104 depicted in FIG. 1, the power management
circuit 204 depicted in FIG. 2, and/or the power manage-
ment circuit 904 depicted 1n FIG. 9. At block 1002, power
switching modules are provided, where power 1s supplied to
cach of the power switching modules by at least one of
multiple power sources. At block 1004, a latch circuit of
cach of the power switching modules 1s operated to have a
definite state at power-up of a corresponding power source.
At block 1006, cross conduction between the power sources
1s prevented using a logic circuit of each of the power
switching modules. At block 1008, one of the power sources
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1s connected to an output of the power management circuit
based on the definite states of the latch circuits.

Although the operations of the method herein are shown
and described 1n a particular order, the order of the opera-
tions of the method may be altered so that certain operations 3
may be performed 1n an inverse order or so that certain
operations may be performed, at least 1n part, concurrently
with other operations. In another embodiment, nstructions
or sub-operations of distinct operations may be implemented
in an mntermittent and/or alternating manner. 10

In addition, although specific embodiments of the inven-
tion that have been described or depicted include several
components described or depicted herein, other embodi-
ments of the mvention may include fewer or more compo-
nents to implement less or more feature. 15

Furthermore, although specific embodiments of the inven-
tion have been described and depicted, the invention 1s not
to be limited to the specific forms or arrangements ol parts
so described and depicted. The scope of the mvention 1s to

be defined by the claims appended hereto and their equiva- 20
lents.

What 1s claimed 1s:

1. A power management circuit comprising;

a plurality of power switching modules, wherein power 1s
supplied to each of the power switching modules by at 25
least one of a plurality of power sources, wherein each
of the power switching modules comprises:

a latch circuit configured to have a definite state at
power-up ol a corresponding power source; and

a logic circuit configured to control power supplied 30
from the corresponding power source in response to
the definite state of the latch circuit, wherein the
logic circuit comprises a cross-coupled circuit,
wherein the logic circuit 1s configured to prevent
cross conduction between the power sources, and 35
wherein the cross-coupled circuit comprises a {first
PMOS transistor, a first NMOS transistor, a second
PMOS transistor, and a second NMOS transistor,
wherein a node between the first PMOS transistor
and the first NMOS transistor 1s connected to a drain 40
terminal or a source terminal of the second PMOS
transistor, and wherein a node between the second
PMOS transistor and the second NMOS transistor 1s
connected to a drain terminal or a source terminal of
the first NMOS transistor. 45

2. The power management circuit of claim 1, wherein the
latch circuit of each of the power switching modules com-
prises a back-to-back inverter latch circuit, and wherein the
back-to-back inverter latch circuit comprises two inverters
that are connected back-to-back. 50

3. The power management circuit of claim 2, wherein
cach mverter comprises a PMOS transistor and an NMOS
transistor, and wherein a gate terminal of the PMOS tran-
sistor 1s connected to a drain terminal of the NMOS tran-
s1stor. 55

4. The power management circuit of claim 1, wherein
within each of the power switching modules, gate terminals
of the first PMOS transistor and the first NMOS transistor
are connected to a terminal of the latch circuit, and wherein
gate terminals of the second PMOS transistor and the second 60
NMOS ftransistor are connected to a latch circuit of another
power switching module.

5. The power management circuit of claim 1, wherein the
logic circuit further comprises a switch circuit connected to
the corresponding power source. 65

6. The power management circuit of claim 1, wherein the
logic circuit 1s configured to connect the corresponding
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power source to an output terminal of the power manage-
ment circuit or to disconnect the corresponding power
source from the output terminal of the power management
circuit.

7. The power management circuit of claim 1, wherein the
plurality of power sources comprises a battery power source
or a wireless power source.

8. The power management circuit of claim 1, wherein the
plurality of power sources comprises a wireless power
source and a battery power source.

9. An mtegrated circuit (IC) comprising:

the power management circuit of claim 1; and

a battery power source.

10. A power management circuit comprising:

a first power switching module, wherein power 1s sup-
plied to the first power switching module by a wireless
power Source;

a second power switching module, wherein power 1s
supplied to the second power switching module by a
battery power source, wherein each of the first and
second power switching modules comprises:

a back-to-back inverter latch circuit configured to have
a definite state at power-up of a corresponding power
source; and

a logic circuit configured to control power supplied
from the corresponding power source in response to
the definite state of the back-to-back inverter latch
circuit, wherein the logic circuit 1s configured to
prevent cross conduction between the wireless
power source and the battery power source, and
wherein the logic circuit comprises:

a cross-coupled circuit; and

a switch circuit connected to the corresponding
power source;

wherein the back-to-back mverter latch circuit of
cach of the first and second power switching
modules comprises two inverters that are con-
nected back-to-back, wherein each inverter com-
prises a PMOS transistor and an NMOS transistor,
and wherein a gate terminal of the PMOS transis-
tor 1s connected to a drain terminal of the NMOS
transistor:;

wherein the cross-coupled circuit comprises a first
PMOS transistor, a first NMOS transistor, a sec-
ond PMOS transistor, and a second NMOS tran-
sistor, wherein a node between the first PMOS
transistor and the first NMOS transistor 1s con-
nected to a drain terminal or a source terminal of
the second PMOS transistor, wherein a node
between the second PMOS transistor and the
second NMOS ftransistor 1s connected to a drain
terminal or a source terminal of the first NMOS
transistor, wherein within each of the first and
second power switching modules, gate terminals
of the first PMOS transistor and the first NMOS
transistor are connected to a terminal of the latch
circuit, and wherein gate terminals of the second
PMOS ftransistor and the second NMOS transistor
are connected to a latch circuit of another power
switching module.

11. An mtegrated circuit (IC) comprising:

the power management circuit of claim 10; and

the battery power source.

12. A power management circuit comprising:

a plurality of power switching modules, wherein power 1s
supplied to each of the power switching modules by at
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least one of a plurality of power sources, wherein each

of the power switching modules comprises:

a latch circuit configured to have a definite state at
power-up of a corresponding power source; and

a logic circuit configured to control power supplied s
from the corresponding power source in response to
the definite state of the latch circuit, wherein the
logic circuit comprises a cross-coupled circuit,
wherein the logic circuit 1s configured to prevent
cross conduction between the power sources;

wherein the cross-coupled circuit comprises a first
PMOS transistor, a second PMOS transistor, and an
NMOS transistor, and wherein a source terminal or
a drain terminal of the first PMOS ftransistor is

connected to a drain terminal or a source terminal of
the second PMOS transistor; L
wherein within each of the power switching modules,
a gate terminal of the first PMOS transistor 1s con-
nected to a terminal of the latch circuit, and wherein
gate terminals of the second PMOS transistor and the
NMOS transistor are connected to a latch circuit of "
another power switching module.

10

14

13. The power management circuit of claim 12, wherein
the latch circuit of each of the power switching modules
comprises a back-to-back inverter latch circuit, and wherein
the back-to-back inverter latch circuit comprises two invert-
ers that are connected back-to-back.

14. The power management circuit of claim 13, wherein
cach mverter comprises a PMOS ftransistor and an NMOS

transistor, and wherein a gate terminal of the PMOS tran-

sistor 1s connected to a drain terminal of the NMOS tran-
s1stor.

15. The power management circuit of claim 12, wherein

the plurality of power sources comprises a battery power
source or a wireless power source.

16. The power management circuit of claim 12, wherein
the plurality of power sources comprises a wireless power
source and a battery power source.

17. An integrated circuit (IC) comprising:
the power management circuit of claim 12; and
a battery power source.

G s x ex e
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